Measuring trace mineral concentrations can be an important component of assessing the health of free-ranging deer. Trace mineral concentrations in liver most accurately reflect the trace mineral status of an individual, but, in live animals, whole blood or serum are the most commonly used sample types. Trace minerals measured in serum, such as copper, zinc, and iron, do not always accurately correlate to liver concentrations, and supplementary samples for evaluating the trace mineral status in live deer would be useful. We evaluated the utility of body and tail hair for measuring selenium, copper, zinc, iron, and manganese in free-ranging mule deer (Odocoileus hemionus) by using Spearman rank correlations and linear regression. Correlations were strongest at the time of or shortly after growth of the winter coat and in resident deer. In live deer, strong correlations and moderate linear associations (R 2 = 0.57) were detected between body and tail hair and whole blood selenium in December. In postmortem-sampled deer, a strong correlation and linear association (R 2 = 0.80) were found between liver and body hair selenium in August-November. Results indicate that body hair, if collected during or shortly after growth of the winter coat, can be used as a supplementary sample for measuring selenium concentrations in deer. None of the other correlations and linear associations were found to be sufficiently strong to conclude that hair can reliably be utilized as a complementary sample for measuring these trace mineral concentrations.
Introduction
Evaluation of trace mineral concentrations can be an important component of assessing individual or population health in free-ranging wildlife. Deficiencies have been detected in association with disease syndromes, unthriftiness, and poor reproductive performance in deer, elk, and moose populations. 10, 12, 13, 15, 16, 18, [24] [25] [26] In California, selenium and copper deficiencies have been detected in deer 7, 10, 25 and elk, 15, 18 respectively. Trace mineral values in liver are considered to most accurately reflect the nutritional status of the animal, but, in live animals, concentrations are most commonly measured in whole blood or serum. For some trace elements such as copper, the correlation between serum and liver concentrations is only moderate, 33 making accurate estimations in live animals difficult. Similarly, manganese levels are difficult to measure in live animals, as serum manganese is a poor indicator of the trace mineral status. 32 Hair has been evaluated as an indicator of trace mineral status in livestock, 4 and the reliability of hair as a measure of mineral levels varies with animal species, geographic location, hair color, age, sex, and element. 4 Furthermore, laboratory methods to eliminate external contaminants from biologically incorporated elements vary and can result in altered mineral concentrations. 4 To our knowledge, the utility of hair to measure trace mineral concentrations has not been assessed in free-ranging deer. If trace mineral concentrations in hair correlates with the concentration in other sample types, it can potentially be used as a complementary sample in live deer. Hair trace mineral concentrations were previously studied in Alaskan moose 14 and in small samples of Idaho and Washington mule deer, 8, 9 but the relationship between the concentrations in hair and in other sample types was not evaluated.
The goal of this study was to determine the utility and value of various biological sampling variables for measuring trace mineral concentrations in deer in California. We compared tail and body hair concentrations of selenium, copper, zinc, iron, and manganese with the concentrations in whole blood (selenium), serum (copper, iron, and zinc) and liver (selenium, copper, zinc, iron, and manganese). The concentrations from this investigation are compared with levels reported in other deer populations in the United States.
Materials and methods
Samples were collected from a total of 109 live-and 54 postmortem-sampled deer from the Sierra Nevada Mountains, Sierra Nevada foothills, and areas of coastal and southern California (Fig. 1) . Deer in the Sierra Nevada and Sierra Nevada foothills consist of migratory Rocky Mountain mule deer (Odocoileus hemionus hemionus), migratory and resident California mule deer (Odocoileus hemionus californicus), and resident black-tailed deer (Odocoileus hemionus columbianus). In the coastal and southern California areas, respectively, resident black-tailed deer and southern California mule deer (Odocoileus hemionus fuliginatus) were sampled. Migratory deer are defined as migrating to high elevations during the summer months and returning to lower elevations in the winter, whereas resident deer largely remain within the same area all year. All captures were overseen by the California Department of Fish and Wildlife (CDFW).
Methods for live captures included net-gunning from a helicopter a and free-range darting b using a combination of 2.2 mg/kg of tiletamine and zolazepam c and 2.2 mg/kg of xylazine (generic d ; CDFW, unpublished data). Immobilized deer were hobbled and blindfolded, and blood samples were collected by jugular venipuncture. Data on age class (≤1 year, 2-3 years, and ≥4 years), sex, and deer subspecies were recorded. Body hair samples were pulled from various locations on the body, and black tail hair was cut ~1 cm above the hair root. In addition, a total of 54 liver, body hair, and tail hair samples were collected from deer submitted for postmortem examination to the CDFW's Wildlife Investigations Laboratory in Rancho Cordova and the California Animal Health and Food Safety Laboratory system (CAHFS) in Davis, California, as well as from road-killed deer and hunter-harvested animals. For serum samples from live deer, blood was allowed to clot for up to 24 hr, centrifuged at 1,808 rcf for 10 min, and the serum aliquoted into plastic cryovials. All blood, serum, and liver samples were refrigerated at 4°C or frozen at -15°C, and hair samples were stored in sterile sample bags e at room temperature until analysis at the CAHFS laboratory.
Whole blood selenium concentrations and serum zinc, copper, and iron concentrations were measured by inductively coupled argon plasma-atomic emission spectrometry f (ICP-AES) as described previously. 21, 31 Accuracy of ICP results for these elements was measured by analyzing quality assurance sera obtained from the Veterinary Laboratory Association Quality Assurance Program. g Data was accepted if the analyzed quality assurance serum values were within 2 standard deviations of the reference values.
The analysis of hair samples was a slight modification of a previously published methodology. 5 Hair was initially separated from any associated skin and debris. The hair sample was then rinsed with type 1 reagent-grade water (18.3 Mohm-cm water) and placed into a 50-mL polypropylene centrifuge tube. After the addition of 10 mL of acetone, the tube was shaken vigorously for 30 sec. The contents of the tube were poured into a Büchner funnel to separate acetone from hair. Hair was then washed twice with type 1 reagentgrade water before being dried in a drying oven at 95°C for 24 hr. One half to 1 g of dried hair was placed into a 10-mL digestion tube, h and the exact weight was recorded. After the addition of 3 mL of trace metal-grade nitric acid, i the sample was digested at 190°C for 90 min using block digesters. j After digestion, 2 mL of trace metal-grade hydrochloric acid k were added, and the digestate was diluted with type 1 reagent-grade water to a final volume of 10 mL. The solution was thoroughly vortexed for 10 sec. A subsample of this solution was subsequently analyzed for copper, zinc, iron, and manganese by ICP-AES. f For selenium analysis, a 4-mL subsample of the digestate was transferred to a new 10-mL digestion tube. After addition of 1 mL of trace metal-grade perchloric acid k and 1 mL of ultrapure sulfuric acid, l the sample was digested at 350°C for 180 min. After completion of digestion and cooling of the sample to room temperature, 7 mL of 5 M ultrapure hydrochloric acid k were added slowly before further digestion at 95°C for 15 min. The digestate was diluted with type 1 reagent-grade water to a final volume of 10 mL and analyzed for selenium by ICP-AES. f For each batch of samples, method blanks were included in the analyses. Method blank samples were prepared by adding boiling chips to an acid-cleaned 10-mL digestion tube. h For metal analysis other than selenium, 3 mL of trace metal-grade nitric acid were added followed by digestion at 190°C for 90 min. After digestion, 2 mL of trace metal-grade hydrochloric acid were added, and the digestate was diluted with type 1 reagent-grade water to a final volume of 10 mL. Methods blanks for selenium analysis were prepared by adding boiling chips to an acid-cleaned 10-mL digestion tube. After addition of 3 mL of trace metal-grade nitric acid, 1 mL of trace metal-grade perchloric acid, and 1 mL of ultrapure sulfuric acid, the sample was digested at 350°C for 180 min. After completion of digestion and cooling of the sample to room temperature, 7 mL of 5 M ultrapure hydrochloric acid were added slowly before further digestion at 95°C for 15 min. The digestate was diluted with type 1 reagent-grade water to a final volume of 10 mL.
Liver samples were prepared for selenium analysis by digestion of the samples in an oxidizing mixture of nitric, sulfuric, and perchloric acids at 350°C, followed by reduction with 5 M hydrochloric acid at 95ºC. Selenium concentrations were determined by hydride vapor generation inductively coupled plasma spectrometer. f, 31 Accuracy of ICP results was measured by analyzing certified standard reference materials (SRMs), as well as liver and hair fortified with all measured metals. Control hair (human) was prepared in duplicate and fortified before acid was added. The SRMs included dogfish liver (National Research Council of Canada, DOLT-4) and lobster hepatopancreas (National Research Council of Canada, TORT-2). The method reporting limits were determined by a series of dilutions of reference materials. The lowest reporting limit was determined as the lowest level at which the relative standard deviation of 3 replicates of a diluted reference material was <10%. The limit of quantitation for selenium in liver and hair was 0.02 mg/kg (wet weight). For copper, manganese, zinc, and iron analysis, liver samples were digested with nitric acid at 180°C and subsequently analyzed by ICP-AES. f,20 Accuracy of ICP results for these elements was measured by analyzing SRMs and fortified liver tissue. The SRMs used were DOLT-4 and TORT-2. The limits of quantitation were 0.01 mg/kg for copper, 0.04 mg/kg for manganese, 0.1 mg/kg for zinc, and 0.2 mg/kg for iron (all on wet weight basis). Data for these analyses was accepted if SRM results were within 2 standard deviations of the certified reference values and spike recoveries were within an 80-120% recovery range.
All results for blood selenium concentrations were reported in mg/kg (ppm). Serum zinc, copper, and iron con-centrations were reported in mg/L (ppm). Liver mineral concentrations were reported as mg/kg wet weight, illustrating that liver mineral concentrations were not corrected for % moisture. Hair mineral concentrations were reported as mg/ kg dry weight because all hair samples were completely dried prior to analysis.
Statistical analysis
The median and ranges of trace element concentrations in blood and serum, body hair, tail hair, and liver were tabulated by age, sex, and migratory behavior and geographical area. Because trace mineral concentrations in hair do not change after death, the trace mineral results from both live-and postmortem-sampled deer were pooled for the descriptive statistics. Mineral concentrations below the detectable limit were included in the calculations by assigning values of half the detection limit. 34 Correlations between trace mineral concentrations in hair, blood and serum, and liver were assessed using Spearman rank correlations for nonnormally distributed data. Because the correlations were expected to be stronger around time of hair growth, samples from live deer were pooled into the seasonal groups December, February-March, April-June, and July-August, and samples from postmortem-sampled deer into the groups August-November and April-June for the correlation analysis. For live-sampled deer, data was further categorized into resident and migratory deer, as correlations were assumed to be stronger in resident deer that have a more consistent diet. Only a small number of migratory deer sampled postmortem, and therefore, were not divided into a migratory and resident category. For correlation significant at P ≤ 0.05, linear regression models were fitted to assess the linear relationship between trace mineral concentrations in blood and liver with body hair and tail hair. Highly influential observations were identified using Cook distance, and values with residuals exceeding 4/n were excluded from the regression analysis. The assumption of normally distributed residuals for linear regression models was assessed using the Shapiro-Wilk test. Stata m was used for all analysis, and ArcMap n was used to generate the map.
Results
In both the coastal and Sierra Nevada and Sierra foothills areas, the majority of live-sampled deer were female, whereas for postmortem-sampled deer, the majority were male in the coastal and southern California areas and female in the Sierra Nevada and foothills areas ( Table 1 ). In the Sierra Nevada and foothills areas, live-and postmortemsampled deer were sampled across all age classes. In the coastal areas, the majority of live-sampled deer were ≥4 years old, whereas most postmortem-sampled deer from the coastal and southern California areas were 2-3 or ≥4 years old ( Table 1 ). The distribution of selenium, copper, zinc, iron, and manganese in blood, tail hair, body hair, and liver are shown in Tables 2-6. Trace mineral concentrations were difficult to compare between areas because samples were collected at different times of year from several herds and age classes, and the live and postmortem samples did not originate from the same animals. In general, the median whole blood, body hair, tail hair, and liver selenium concentrations, as well as median liver concentrations, were lowest in the Sierra Nevada and foothills areas compared to the coastal area and southern California (Tables 2, 3 ). Liver zinc and iron were highest in the resident California mule deer and black-tailed deer of the Sierra Nevada and foothills areas (Tables 4, 5 ), but no similar pattern could be detected for serum or hair samples for these trace minerals. Median liver and body hair manganese was lowest in southern California and in the resident California mule deer of the Sierra Nevada (Table 6 ).
In live-sampled deer, there was a significant correlation (P ≤ 0.05) between the selenium concentrations in whole blood and body hair in migratory (Spearman rho [ρ] = 0.7842) and resident (ρ = 0.5005) deer sampled in December (Table 7) , and the linear relationship between the selenium concentrations in whole blood and body hair of these deer combined was moderate (R 2 = 0.5692; Table 9 ; Fig. 2 ). In live resident deer sampled in December, there was a significant correlation and moderate linear relationship between whole blood selenium and tail hair selenium concentrations (ρ = 0.7159, Table 7 ; R 2 = 0.5671, Table 9 , Fig. 2 ). Significant correlations were also detected between whole blood selenium and body hair and tail hair selenium concentrations in resident live deer sampled in April-June (ρ = 0.6596 and 0.6903, respectively), serum copper and body hair copper in live resident deer sampled in December (ρ = 0.4566), and serum zinc and tail hair zinc in live migratory deer sampled in December (ρ = -0.5376; Table 7 ), but the linear relationships between the mineral concentrations in these samples were poor (R 2 = 0.1679-0.3025; Table 9 ).
In postmortem-sampled deer, there was a significant correlation and strong linear relationship between liver and body hair selenium concentrations in deer sampled in August-November (ρ = 0.8194, R 2 = 0.8030; Tables 8, 9 ; Fig. 2 ). Correlations between liver selenium and body hair selenium (ρ = 0.5732) for deer sampled in April-June, and tail hair selenium (ρ = 0.6606) for deer sampled in August-November were also significant, but the linear correlations were only moderate with R 2 of 0.4470 and 0.4320, respectively (Table 9 ). Significant correlations were also detected between liver and tail hair selenium concentrations in April-June, and between liver and body hair manganese concentrations in August-November, but the linear relationships were poor with R 2 = 0.2342 and 0.3078, respectively (Tables 8, 9 ).
Discussion
Geographical variations were most consistent across sample types for selenium. Selenium was also the only trace mineral evaluated where moderate to strong correlations and linear relationships were detected between sample types in both live-and postmortem-sampled deer. The associations were stronger in the fall and early winter than in the spring and early summer. The winter coat grows during August-September, 17 and personal observations by one author (G. Gerstenberg) confirm that deer in the Sierra Nevada have fully grown winter coats by November-December. Although deer sampled in April-June are changing into the summer coat, it is more likely that a collected sample contains some of the long winter coat in addition to the summer coat, which may explain the weaker correlation during this sampling period. Tail hair selenium was only significantly correlated with whole blood selenium in resident deer, likely because trace minerals in tail hair is reflective of hair grown at different times of the year, and the diet of resident deer is more consistent than that of migratory deer. Selenium concentrations in whole blood have previously been shown to significantly correlate with body hair selenium in Holstein cattle (R 2 = 0.610 for black hair and R 2 = 0.770 for white hair). 3 The stronger linear correlation detected in domestic livestock is likely explained by the more consistent diet of these animals. The correlation between serum copper and body hair copper in December was moderate, but the linear relationships was poor (R 2 = 0.1679). In cattle, body hair copper was found to be a sensitive index for liver copper if liver values were <20 µg/g, 19 but no relationship between liver copper and hair copper concentrations were detected in pastured Jersey heifers in New Zealand. 6 Serum copper is tightly regulated and only decreases after liver reserves have been depleted 19 ; serum copper is only moderately correlated to liver copper. 33 Similarly, there appeared to be a correlation between serum zinc and body hair zinc in migratory deer, but the relationship was not linear (R 2 = 0.2190). In livestock, hair zinc levels generally reflect dietary concentration of zinc, but have high individual animal variability 2, 22, 25 ; the higher variability in the diet of deer compared with domestic livestock may explain our findings. Iron concentrations in cattle hair has been found to correlate poorly with dietary iron levels, 1 which is consistent with our observations. Based on this analysis with limited sample size, the strong linear relationship between liver selenium and body hair selenium in December could indicate that body hair may serve as a supplementary sample for measuring the selenium status of a herd if samples are collected during or shortly after the growth of the winter coat. If collected later in the winter, hair could possibly serve as a retrospective indicator of selenium levels at the time of entry into the winter. None of the other significant correlations appeared to be sufficiently strong to conclude body hair should be used as reliable supplementary samples.
Selenium concentrations are of interest in California deer, as several studies have reported low concentrations of this trace mineral. 7, 10, 25 The exact reference ranges for selenium in deer have not been established but based on a literature review, it was suggested to categorize blood selenium values <0.05 mg/L as extremely deficient and 0.08-0.50 mg/L as adequate, and liver selenium values <0.15 mg/kg (wet weight) as deficient, 0.15-0.22 as marginal, and >0.22 mg/kg (wet weight) as adequate. 11 Based on the suggested reference values for blood, 28 out of 84 (33.3%) of Sierra Nevada or Sierra foothills deer, but none of the coastal deer, could be categorized as "extremely deficient" for selenium, and based on the criteria for liver, 6 out of 14 (42.9%) of the coastal and southern California deer and 23 out of 40 (57.5%) of the Sierra Nevada or Sierra foothills deer could be considered selenium deficient. The numbers from live-and postmortem-sampled deer are not directly comparable because they do not originate from the same deer. The whole blood selenium concentrations detected in both coastal and Sierra Nevada and Sierra foothills deer were comparable to findings in the 1980-1988 study of 1,695 mule deer from 42 herds in California that reported mean herd selenium values of 0.060-0.178 mg/kg in coastal herds and 0.068-0.084 mg/kg in Sierra Nevada and Sierra foothills deer herds. 25 The clinical implications of possible selenium deficiency in free-ranging deer are difficult to determine. One study found that selenium supplementation increased pre-weaning fawn survival, 10 but no reports of clinical white muscle disease due to selenium deficiency have been published in California. Serum copper, zinc, and most serum iron concentrations fell within published suggested adequate ranges of 0.60-1.30 mg/L for copper, 0.50-1.00 mg/L for zinc, and 1.52-2.77 mg/L for iron, 27 whereas some serum iron values exceeded this range. Although 3 out of 15 (20%) coastal and southern California deer and 12 out of 40 (30%) Sierra Nevada and Sierra foothills deer had liver copper values categorized as "deficient" when using the ranges suggested by studies on red deer (<4 mg/kg wet weight = deficient, 4-6 mg/kg = marginal, and >6 mg/kg = adequate), 35 the ranges observed were comparable to reports of mule deer in Colorado, 30, 36 Montana, 23 and South Dakota. 37 A total of 8 deer could be categorized as deficient for both selenium and copper based on liver concentrations; 6 from the Sierra Nevada, and 2 from southern California. Liver zinc, manganese, and most liver iron concentrations fell within published suggested reference ranges (30-110 mg/kg wet weight for zinc, 3.00-3.40 mg/kg for manganese, and 120-300 mg/kg for iron). 27 The concentrations were similar to the ranges detected in mule deer in South Dakota, Montana, or Colorado, 23, 36, 37 although espe-cially in the Sierra Nevada areas, some iron values exceeded the suggested reference range and the median values were higher than what was detected in other studies. 28, 29 No prior information is available on hair trace mineral concentrations in California deer, but the body hair selenium concentrations were comparable to a Washington study that measured body hair selenium in 10 mule deer (mean = 0.150 mg/kg, range = 0.01-0.314 mg/kg). 9 Body hair copper was comparable to concentrations detected in mule deer in Idaho, 8 and body hair copper, zinc, and manganese were similar to the mean body hair zinc and iron concentrations detected in Alaskan moose (range of means: 1.4-14.7 mg/kg for copper, 54.3-135.6 mg/kg for zinc, and 0.1-15.7 mg/kg for manganese). 14 Body hair iron was variable, and median body hair iron concentrations exceeded the range of means (24.6-66.8 mg/kg) observed in Alaskan moose. 14 This study reports trace mineral concentrations in tail and body hair of California deer, and assesses the utility of this sample type in measuring trace mineral levels in free-ranging deer. Furthermore, new data is provided on copper, zinc, and iron concentrations in serum and liver of free-ranging California deer. Body hair may serve as a supplementary sample to measure selenium if collected during or shortly after growth of the winter coat, and if collected later, it could be a rough measure of the trace element status at entry into the winter. For other trace minerals, the correlations between concentrations in hair and other sample types were not strong enough to conclude that hair can be used as a reliable supplementary sample to evaluate the true trace element status of free-ranging deer, but limited sample sizes may have influenced the results. Further information on how trace mineral concentrations in hair, liver, and blood relate in an individual animal may contribute to a better understanding of how hair can be utilized to assess the trace element status. In addition, regionally relevant trace mineral reference values in different sample types need to be established. 
